Cortisol measurement 1 0 8
Quantification of cortisol concentration in plasma, skin mucus and faecal samples was 1 0 9 performed using the DetectX Cortisol Enzyme Immunoassay Kit (Arbor Assays, Michigan, 1 1 0 USA), according to the manufacturer's recommendations. Briefly, plasma samples were first 1 1 1 pre-treated with dissociation reagent then diluted in assay buffer (1:50 final dilution) before 1 1 2 cortisol measurement. Faecal samples were suspended in 100 µl ethanol, vortexed for 30 1 1 3 minutes, centrifuged (5 min, 5000 x g), then the supernatant was then diluted in assay buffer 1 1 4
(1:20) before cortisol measurement. Skin-mucus samples were suspended in 100 µl 1M Tris-1 1 5
HCl, vortexed for 30 minutes and centrifuged (5 min, 5000 x g), then the supernatant was 1 1 6
used directly in the assay without dilution. 1 1 7
Cortisol concentration was measured in the plasma, faeces and skin-mucus for a total of 1 1 8 60 individual fish (40 stressed fish and 20 controls; distributed evenly amongst replicate 1 1 9 tanks). Each of these 180 samples was analysed in duplicate, across five 96-well plates. 1 2 0
Cortisol concentration was calculated based on a standard curve run on each plate, and 1 2 1 adjusted for dilution factor and initial sample volume (plasma) or weight (skin-mucus/faeces). 1 2 2
Inter-assay variability, measured as the coefficient of variation (CV%) of four repeats across 1 2 3 the five plates, was 4.62% and the lower limit of detection was 76.4 pg/ml. We removed one 1 2 4 outlier of faecal cortisol (47.3 ng/g) from the stressed group (most likely resulting from an 1 2 5 error in sample preparation) using Tukey's 1.5*IQR method, as it was 3.4x higher than the 1 2 6 mean value (13.76 ng/g) and 1.6x higher than the next highest value in this group (29.1 1 2 7 ng/g). 1 2 8 1 2 9
16S rRNA amplicon sequencing 1 3 0 16S rRNA amplicon sequencing was performed using the faecal and skin mucus samples 1 3 1
for the same 60 individual fish for which cortisol quantification was performed (40 stressed 1 3 2 and 20 controls), as described previously (Uren Webster et al. 2018a All statistical analysis was performed in R v3.5.0. Firstly, we assessed whether non-1 4 9
invasive measurements of faecal and skin cortisol were indicative of cortisol in blood plasma 1 5 0 by calculating the Pearson correlation coefficient. We then employed linear mixed effects 1 5 1 models (LMM) using the lme4 package to examine the effects of confinement stress and fish 1 5 2 size on measured cortisol values in plasma, skin and faeces, using tank identity as a random 1 5 3
factor. We also used linear mixed effects models to examine the effects of confinement 1 5 4 stress, fish size and measured faeces/skin cortisol on faces/skin microbial alpha diversity 1 5 5
(Chao1 richness and Shannon diversity), including tank as a random factor. We used fish 1 5 6
length as a covariate to control for size effects as it had a lower coefficient of variation (CV = 1 5 7 0.067) than fish mass (CV = 0.216). To achieve model simplification, we started with a 1 5 8 model with all main effects and selected the model with the lowest AIC value via backward 1 5 9 selection using the step and drop1 functions and the lmerTest package (Kuznetsova et al. We used the VCA package to estimate the amount of variability in cortisol due to 1 6 4 confinement stress, tank effects, and differences among individual fish. 1 6 5
Analysis of microbial community structure (beta diversity) was performed within the 1 6 6
Vegan package in R (Oksanen et al. 2017), using the Bray-Curtis dissimilarity index. Non-1 6 7 metric multidimensional scaling (NMDS) ordination of Bray-Curtis distances were visualised, 1 6 8
including measured cortisol concentration as an environmental vector. Multivariate statistical 1 6 9
analysis of microbial community separation in the faecal and skin samples was performed by 1 7 0 PERMANOVA using Adonis in the Vegan package with confinement stress and measured 1 7 1 faecal/skin cortisol as predictors. Statistical analysis of OTU abundance was performed 1 7 2 using DeSeq2 (Love et al. 2014). The effect of confinement stress and faecal/skin cortisol on 1 7 3 relative abundance of faecal/skin OTUs was tested using a multifactorial design. Within the 1 7 4
DeSeq model, low coverage OTUs were independently filtered to optimise power for 1 7 5
identification of differentially abundant OTUs at a threshold of alpha=0.05. Outlier detection 1 7 6
and moderation of OTU level dispersion estimates were performed using default settings, 1 7 7
and OTUs were considered significantly differentially abundant at FDR <0.05. 1 7 8 1 7 9 1 8 0
Relation between plasma cortisol and non-invasive measures of cortisol in faeces and skin 1 8 2
Cortisol concentrations ranged from 2.9 to 65.8 ng/ml in blood plasma, 3.6 to 29.1 ng/g in 1 8 3 faeces, and 0.14 to 9.45 ng/g in skin mucus across all samples. Significant positive 1 8 4
correlations were found between plasma and faecal cortisol (Pearson's r 56 =0.615, P < 1 8 5 0.001), between plasma and skin cortisol (r 56 =0.289, P = 0.028), and between faecal and 1 8 6 skin cortisol (r 57 =0.422, P < 0.001; Figure 1a ). Variance component analysis indicated that 1 8 7 82-85% of the variation in cortisol was due to variation between individuals, and 0-18% was 1 8 8 due to variation between tanks. 1 8 9
Effects of confinement stress on cortisol 1 9 1
There was a significant increase in cortisol in the faeces and skin of stressed fish 1 9 2 compared to unstressed controls (Welch two sample t-test; faeces, t 56.766 = 2.955, P = 0.004; 1 9 3 skin, t 52.917 = 2.819, P = 0.007), but not in blood plasma (LMM stress effect, t 4.785 = 0.603, P = 1 9 4 0.574; Figure 1b ), which showed a significant tank effect (LRT χ 2 = 6.01, P = 0.014). There 1 9 5
was no association between cortisol and the length, weight or body condition of fish at the 1 9 6 end of the experiment (P >0.2 in all cases). 1 9 7 1 9 8
Effects of cortisol on microbial diversity 1 9 9
Faecal cortisol was negatively correlated with faecal Chao1 microbial richness (Chao1 2 0 0
Cortisol estimate: -79.17 ± 32.33, t 1,57 = -2.449, P = 0.017), but positively correlated with 2 0 1
Shannon diversity (Shannon Cortisol estimate: 0.08 ± 0.024, t 1,57 = 3.536, P < 0.001; Figure  2 0 2 2). There was no effect of confinement stress, fish size or tank identity on faecal microbial 2 0 3 diversity beyond that accounted by an increase in cortisol (P>0.4 in all cases). For the skin, 2 0 4
there was no significant effect of confinement stress, skin cortisol, or fish size on skin 2 0 5 microbial Chao1 richness of Shannon diversity (P>0.1 in all cases), although there were 2 0 6 significant tank effects for skin Chao1 richness (LRT χ 2 = 15.53, P < 0.001). 2 0 7
Microbial community structural diversity was performed based on the Bray-Curtis 2 0 8 dissimilarity metric, and visualised using NMDS analysis ( Figure S1 ). As for alpha diversity, 2 0 9
there was a significant effect of faecal cortisol on faecal microbiome beta diversity (Cortisol: 2 1 0 F 1,56 = 9.525, P = 0.001), but the confinement stress had no additional effect beyond that 2 1 1 caused by an increase in cortisol (Stress F 1,56 = 2.487, P = 0.064). For the skin microbiome 2 1 2 there was no detectable effect of stress or skin cortisol concentration on beta diversity 2 1 3
(Stress: F 1,53 = 1.263, P=0.151, Cortisol: F 1,53 = 0.960, P=0.475). 2 1 4 2 1 5
Effects of cortisol on microbial composition 2 1 6
The effects of stress and cortisol concentration on OTU relative abundance was 2 1 7 investigated using DeSeq2. For the faecal microbiome, the abundance of 44 OTUs (27  2  1  8 increased, 17 decreased) were significantly associated with faecal cortisol concentration, but 2 1 9
only one OTU (Vagacoccus sp.) was significantly elevated in the confinement stress group 2 2 0 independently of cortisol ( Figure 3 ; Table S1 ). Strikingly, of the 17 OTUs which were 2 2 1 negatively associated with cortisol concentration, the vast majority (15) were classified as 2 2 2
belonging to the genus Carnobacterium sp. in the order Lactobacillales, including the most 2 2 3 abundant OTU overall. Of the OTUs that were positively associated with faecal cortisol 2 2 4 concentration, 10 (37%) were from the class Gammaproteobacteria and, notably, two highly 2 2 5
abundant OTUs from the family Clostridiaceae were also increased. In contrast, for the skin 2 2 6 microbiome, no OTUs were significantly associated with either confinement stress or 2 2 7 measured skin cortisol concentration. 2 2 8 2 2 9
Discussion 2 3 0
Our study indicates that the cortisol stress response modulates the intestinal, but not the 2 3 1 skin, microbiome of juvenile Atlantic salmon. Although the cortisol stress response to 2 3 2 confinement was variable amongst individuals, we identified a very distinctive relationship 2 3 3 between cortisol and the diversity and structure of the faeces microbiome, including a clear 2 3 4
inhibition of lactic acid-producing bacteria and the promotion of pro-inflammatory and 2 3 5 pathogenic taxa. 2 3 6
Exposure to a routine, aquaculture-relevant stressor (confinement) increased the cortisol 2 3 7 concentration in the skin and faeces of juvenile salmon compared to control fish, although 2 3 8
there was considerable variation among individuals. This variation is consistent with the 2 3 9
existence of low and high cortisol response fish (e.g. Pottinger & Carrick 1999; Samaras et 2 4 0 al. 2016). We also identified a positive association between plasma and faecal cortisol, and, 2 4 1 to a lesser extent, between plasma and skin-mucus cortisol. Plasma cortisol is typically used 2 4 2
to measure the stress response in fish, but blood sampling is invasive and may require 2 4 3
terminal sampling in the case of small fish (Sadoul & Geffroy 2019). Plasma cortisol 2 4 4 concentration is also known to be influenced by acute spikes in glucocorticoid production, for 2 4 5 example caused by handling stress prior to sampling, which may mask underlying stress Turner Jr 2009), which can also be linked directly to microbiome analysis. 2 5 0
Across all fish, we identified a strong association between cortisol in the faeces and both 2 5 1 alpha and beta measures of gut microbiome diversity. Faecal cortisol was negatively 2 5 2 associated with Chao1 richness, but positively associated with Shannon diversity, 2 5 3 suggesting that there were fewer, but more evenly distributed, bacterial taxa in the intestine 2 5 4 of stressed fish. This is likely to reflect an inhibitory effect of cortisol on dominant OTUs 2 5 5
normally present in non-stressed individuals. In particular, there was a striking decline in 2 5 6
Carnobacterium sp. with increasing levels of faecal cortisol, including the most abundant 2 5 7
OTU in non-stressed fish, together with +10 other OTUs assigned to this genus. 2 5 8
Carnobacterium ( Individuals that displayed a high cortisol response to confinement stress had a distinct 2 6 6 faecal microbiome, that was very different from that of non-responsive fish, or from control 2 6 7 fish that had low baseline cortisol levels. Alongside a marked decline in Carnobacterium sp., 2 6 8 this structural change was characterised by a notable increase in the relative abundance of 2 6 9
two Clostridiaceae OTUs. This family (class Clostridia, phylum Firmicutes) is commonly 2 7 0 found in the gut of healthy mammals and fish, but also includes a number of opportunistic 2 7 1
pathogens. An increased abundance of Clostridiaceae has been associated with microbial Yersinia sp., Pseuodomonas sp., Acinetobacter sp. and Aeromonas sp, were also 2 7 5
particularly abundant in fish that had high levels of faecal cortisol. These genera include a 2 7 6 range of opportunistic fish pathogens (Austin & Austin 2007) , and tend to increase following 2 7 7 exposure to different types of environmental stress in fish (Boutin et al. 2013 ; Uren Webster 2 7 8 et al. 2019), suggesting they may represent a common signature of stress exposure. In 2 7 9 mammals, experimental administration of cortisol results in a similar reduction in probiotic 2 8 0 lactic acid-producing bacteria and an increase in pro-inflammatory microbiota (Huang et al. Our results demonstrate how an increase in cortisol can affect the diversity and structure 2 8 4 of the salmon gut microbiome, which may in turn contribute to the adverse effects of stress 2 8 5 on fish health. This is consistent with the results of previous studies that experimentally the absence of previous niche completion (Hibbing et al. 2010) , and cortisol is also known to 2 9 3 specifically promote the growth of certain oral pathogens in vitro (Jentsch et al. 2013 ). 2 9 4
However, the overall relationship between stress response, cortisol and the microbiome is 2 9 5
complex. The microbiome may be influenced by other stress hormones, by interactions 2 9 6
amongst microbes or with the host immune system, while microbiota and/or their metabolites 2 9 7
are also well known to influence host stress response signalling (Burokas et al. 2017; de 2 9 8
Weerth 2017; Simard et al. 2014; Vodicka et al. 2018 ). 2 9 9
The impacts of cortisol on the microbiome are also likely to depend on the nature of the 3 0 0 microbial community, and the stress response. In contrast to the faecal microbiome, we 3 0 1 found no significant effects of confinement stress or skin cortisol on the diversity or structure 3 0 2 of the skin microbiome. It is possible that skin-associated communities, which are dominated 3 0 3
by Proteobacteria with much lower levels of Lactobacilliales, are less sensitive to cortisol 3 0 4 than faecal microbiota. On the other hand, cortisol concentrations in the skin mucus were 3 0 5 much lower than those measured in faecal samples, which may also help explain the lack of 3 0 6
observed effects of skin cortisol on the skin microbiome. 3 0 7
To conclude, our study shows, for the first time, that an increase in stress-related cortisol 3 0 8
alters the fish intestinal microbiome, notably by decreasing the abundance of 3 0 9
Carnobacterium, a Lactobacilliales commonly used as a probiotic in aquaculture, and 3 1 0
increasing pro-inflammatory and opportunistic bacterial pathogens. Given the fundamental 3 1 1
influence of microbiota and their metabolites on many aspects of host health, this suggests 3 1 2 that cortisol-mediated disruption of the intestinal microbiome is likely to contribute to the 3 1 3 adverse effects of stress on immune function and disease resistance. These results have 3 1 4
important implications for health and welfare of fish exposed to environmental stress, and 3 1 5 more broadly, to research on stress-related diseases, such as metabolic syndrome, obesity 3 1 6
and IBD, which have been associated with microbiome dysbiosis. Finally, our study 3 1 7
demonstrates that both cortisol measurements and microbiome analysis can be performed 3 1 8 simultaneously on faecal and skin samples collected non-invasively, which could represent a 3 1 9
valuable screening tool for evaluating stress in fish. 
